Glutamate transporters are secondary transporters found in many eukaryotes, bacteria and archaea 1 . In prokaryotes these transporters mediate the uptake of nutrients, whereas in mammals, where glutamate is a major excitatory neurotransmitter, they catalyze the neurotransmitter reuptake into neurons and glial cells that follows synaptic signal transduction. Maintaining a low extracellular concentration of the neurotransmitter is essential for sensitive signal transmission and for the prevention of neurotoxicity. The transporters couple the uptake of glutamate to the symport of cations: three sodium ions and one proton are co-transported by the neuronal and glial transporters 2 . After the substrate and cations are released into the cytoplasm, the empty binding site reorients to an outward-facing orientation. In mammalian transporters this reorientation is strictly coupled to the export of a potassium ion, but in prokaryotes no such coupling is required 3 .
Structural information is available for the glutamate transporter homolog Glt Ph from the archaeon Pyrococcus horikoshii, which is selective for aspartate rather than glutamate and which couples the uptake of substrate to the symport of three sodium ions [3] [4] [5] [6] [7] [8] . The protein is a homotrimer, with each protomer consisting of two domains. The trimerization domain mediates the subunit contacts, and the transport domain carries the binding sites for aspartate and sodium ions. Different crystal structures of substrate-bound Glt Ph have revealed that the trimerization domains form a stable scaffold 6, 9 . The transport domains have been captured in three states: outward facing, intermediate and inward facing [5] [6] [7] . The structures suggest that the transport domains behave as rigid bodies and move across the membrane like an elevator to shuttle the substrate and coupled ions from one side to the other. Because the transporters are substrate loaded in all available crystal structures, the mechanism by which the empty (substrate-free) transporter reorients to the outward-facing position after delivery of the substrates to the cytoplasm remained elusive. To gain insight into this essential part of the transport cycle, we determined the structure of a substrate-free transporter.
We purified glutamate transporter homologs from several closely related Archaea, using a protocol that yields the protein devoid of aspartate and sodium ions 8 (see also Online Methods). The reason that we did not focus exclusively on Glt Ph was to increase our chances of obtaining well-diffracting crystals. We obtained pure and stable preparations of Glt Tk from the thermophilic archaeon T. kodakarensis. Glt Tk shares 77% sequence identity with Glt Ph , and all residues that interact with the substrate aspartate in Glt Ph are strictly conserved in Glt Tk (Supplementary Fig. 1 ). The residues that shape the two Na + -binding sites found in the Glt Ph crystal structures are also conserved. The location of the third Na + -binding site is still debated [10] [11] [12] . The two transporters are functionally similar as well. Just like Glt Ph (ref.
3), Glt Tk is a sodium-coupled aspartate transporter that also accepts d-aspartate but not glutamate as substrate (Supplementary Fig. 2 ). Importantly, we confirmed by isothermal titration calorimetry that our preparations of Glt Tk were free of Na + and aspartate (Supplementary Fig. 3 ).
We solved the structure of apo-Glt Tk to a resolution of 3.0 Å (see Supplementary Table 1 for data collection and refinement statistics). The extensive sequence similarity between Glt Ph and Glt Tk , as well as their functional resemblance, allowed for a comparison between the substrate-bound structures available for Glt Ph and the structure of the apoprotein of Glt Tk . The overall structure of Glt Tk is very similar to that of Glt Ph , with the transport domain in the outward-facing 1 Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen, Groningen, The Netherlands. 2 Zernike Institute for Advanced Materials, University of Groningen, Groningen, The Netherlands. 3 Fig. 4a ) 4, 5 . The two helical hairpins (HP1 and HP2) in the transport domain, which may form intra-and extracellular gates, respectively, occlude the substrate-binding site in both Glt Ph and Glt Tk (Supplementary Fig. 4b ). Despite these similarities in global structure, there are crucial differences in the binding sites for aspartate and sodium ions. In the aspartate-binding site, Arg401 of Glt Tk in transmembrane segment (TMS) 8 adopts a very different conformation from the equivalent Arg397 of Glt Ph (Fig. 1) . This arginine is highly conserved in the glutamate transporter family and is essential for transport [13] [14] [15] . Compared to that in Glt Ph , the guanidium group of Arg401 in Glt Tk is offset by ~4 Å, and its position overlaps that occupied by the substrate aspartate in Glt Ph . Thus, in the empty carrier, the side chain of a highly conserved residue takes over the site occupied by the transported ligand in the loaded carrier. Because the overlap is not complete, we assume that water molecules fill up the rest of the empty binding site. The position of the guanidium group of Arg401 is stabilized by an ionic interaction with conserved Asp398 (394, where the numbering in parentheses is for Glt Ph ). In substrate-bound Glt Ph this residue interacts with the amino group of the substrate aspartate (Supplementary Fig. 5 ). The side chain B-factors of Arg401 are slightly higher than the average in the protein (Supplementary Table 2) ; this could be related to the dynamic role of Arg401, which should be able to reposition during the translocation cycle.
The repositioning of Arg401 has another consequence as it breaks the cation-π interaction with Tyr320 (317) in TMS7 that is present in substrate-bound Glt Ph (ref. 4 ). This breakage allows for rearrangements in TMS7, notably of Tyr320 (317), Gln321 (318) and Thr317 (314) (Fig. 2a) . In Glt Ph the location of the latter residue is stabilized by a hydrogen bond with the α-carboxylate of the substrate aspartate, but in the substrate-free transporter it can reorient, which also affects the region around Met314(311) in TMS7 (see below). In the rat transporter GLT-1, the equivalents of Tyr320 and Gln321 (Tyr403 and Glu404, respectively) are essential for the coupling with potassium ions, which is required for reorientation of the empty carrier in mammalian glutamate transporters 16, 17 . The rearrangement of residues around Arg401 in apo-Glt Tk creates a pocket, which in the mammalian transporters may form a potassium-binding site (Fig. 2a) . The structure provides an explanation for a key finding in the neuronal glutamate transporter EAAC1. When the equivalent of Arg401 (Arg447 in EAAC1) was mutated into cysteine, the protein could no longer bind or transport glutamate and aspartate, but it was still able to transport neutral amino acids. However, only exchange of the neutral amino acids could take place, and net transport was impaired, showing that the conserved arginine is crucial not only for the binding of acidic substrates but also for the reorientation of the empty carrier 15 .
In both Glt Tk and Glt Ph , TMS7 is partially unwound in the center of the membrane. The unwound part in Glt Tk has undergone a dramatic change of conformation around Met314, which is a highly conserved and functionally important residue 14, 18 . The side chain of Met314 in the empty transporter points away from the binding site (Fig. 2b-d) a b d c Figure 2 Cation-binding sites. (a) Overlay of Glt Tk , in orange, with Glt Ph , in gray (the substrate l-aspartate is shown in light red). The cation-π interaction between Arg397 and Tyr317 of Glt Ph is disrupted in Glt Tk and a cavity is created, which could form a potassium-binding site in the eukaryotic members of the glutamate transporter family. Numbering of residues is for Glt Tk , with numbers for Glt Ph and is exposed to the lipid bilayer between Leu92 of TMS3 and Val349 of HP2. In Glt Ph the side chain of the equivalent Met311 points toward the binding site and is located between the two sodium-binding sites that were found in the Glt Ph crystal structures. The change in conformation of the unwound part of TMS7 in Glt Tk directly affects the first Na + -binding site, as the backbone carbonyl oxygen of Asn313 (310) is displaced and is no longer in a favorable position to coordinate a sodium ion. Similarly, the carbonyl oxygen of Asn405 (401) in Glt Tk is not properly oriented to bind the sodium ion. The second Na + -binding site is also deformed in Glt Tk . The backbone carbonyls of Ser352, Ile353 and Thr355 in HP2 that coordinate the second sodium ion in the Glt Ph structure are displaced by 4 Å, 1.8 Å and 4.5 Å in Glt Tk , thus impeding the binding of the cation (Fig. 2b-d) .
The structure of apo-Glt Tk provides an explanation for the mechanism of reorientation of the empty carrier. Because the overall structures of both the trimerization and the transport domains of the apoprotein are very similar to those of the corresponding domains in the substrate-loaded Glt Ph , it is plausible that the movement of the transport domain across the membrane will take place in the empty carrier in the same manner as it does in the loaded carrier (Fig. 3) . This hypothesis is supported by recent EPR experiments on Glt Ph , which showed that the transport domain is structurally heterogeneous both in the apo and in the substratebound transporter, indicating a movement across the membrane in both conditions 19, 20 .
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